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αD-conotoxins are 11 kDa homodimers that potently inhibit nicotinic acetylcholine receptors (nAChRs) through a non-competitive (allosteric) mechanism. In this study, we describe the allosteric binding mode of the granulin-like C-terminal (CTD) of VxXXB bound to Lymnea stagnalis acetylcholine binding protein (Ls-AChBP), a soluble homologue of the extracellular ligand-binding domain of nAChRs. This co-crystal complex revealed a novel allosteric binding site for nAChR antagonists outside the C-loop that caps the orthosteric site defined by the nAChR agonist nicotine and the antagonist epibatidine. Mutational and docking studies on Ls-AChBP supported a two-site binding mode for full-length VxXXB, with the first CTD binding site located outside the C-loop as seen in the co-crystal complex, with a second CTD binding site located near the N-terminal end of the adjacent subunit of AChBP. These results provide new structural insight into a novel allosteric mechanism of nAChR inhibition and define the cooperative binding mode of the N-terminal domain linked granulin core domains of αD-conotoxins.
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INTRODUCTION
Nicotinic acetylcholine receptors (nAChRs) are prototypical members of the ligand gated ion channels found throughout the central and peripheral nervous systems. nAChR modulation has therapeutic potential due to their association with the progression of CNS disorders including Alzheimer’s and Parkinson’s disease and schizophrenia (Dajas-Bailador and Wonnacott, 2004; Gotti and Clementi, 2004; Dineley et al., 2015). Neuronal nAChRs are assembled as α7, α8, and α9 homopentamers, or as heteropentamers comprising α2–α6 in complex with α2–α4, α7 in complex with α2 subunits, or α9 in complex with α10 subunits. The orthosteric binding pocket is located at the extracellular interface of the principal (+) and complementary (−) faces of the nAChR (Hogg and Bertrand, 2004; Jensen et al., 2005). In heteromeric nAChRs, the principal face comprises one α subunit, while the complementary face is contributed by a non-α subunit, except for α9α10 nAChRs.
Agonist binding at the orthosteric sites activates nAChRs by stabilizing the open state of the receptor with a closed C-loop conformation on the principal face. Competitive antagonists compete with orthosteric agonists for binding to this site, resulting in C-loop opening and stabilisation of the resting state (Unwin, 2005). In contrast, allosteric modulators bind to sites distinct from the binding site for orthosteric agonists to either positively allosterically modulate (PAMs) and negatively allosterically modulate (NAMs) nAChRs. nAChR PAMs either potentiate peak agonist responses (type I PAMs) or prolong channel open times (type II PAMs), while NAMs allosterically reduce agonist affinity (Hurst et al., 2005). Allosteric modulators have been identified to bind either from beneath the outermost helix of the extracellular domain, the subunit interface of the extracellular domain, the vestibule pocket opposite the agonist binding site, or the transmembrane domain (Spurny et al., 2015; Delbart et al., 2018). The sequences of these novel modulatory binding sites typically vary across nAChR subtypes, offering potential for the development of novel, subtype-selective allosteric modulators with therapeutic potential.
Conotoxins are small disulfide-rich peptides extracted from the venom of predatory marine cone snails of the genus Conus. Conotoxins selectively targeting the nAChRs belong to the A superfamily, including α-, ψ-, αB, αD-, αC, and αS-conotoxins (Lewis and Garcia, 2003; Armishaw and Alewood, 2005; Lewis et al., 2012; Abraham and Lewis, 2018). α-Conotoxins are well-characterised, subtype selective competitive antagonists that plug the orthosteric site under loop C of nAChRs. In contrast, ψ- and αD-conotoxins inhibit nAChR non-competitively (allosterically) at yet to be defined binding sites (Loughnan et al., 2006). VxXXA, VxXXB, and VxXXC from the venom of Conus vexillum were the first D superfamily α-conotoxins characterized (Loughnan et al., 2006). αD-conotoxins are 11 kDa symmetrical homodimer proteins (Loughnan et al., 2006) comprising two C-terminal domains (CTDs or C) coupled through two interchain disulfide bonds formed between the N-terminal domains (NTDs) (Xu et al., 2015) (Figure 1A). The CTD has three disulfide bonds connected in an ICK configuration (CysI–CysIV, CysII–CysV, and CysIII–CysVI) found in many venom peptides (Norton and Pallaghy, 1998; Xu et al., 2015), with the CTD and NTD held stable relative to each other via an additional disulfide bond Cys19–Cys28 (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) Sequence of synthetic VxXXB with VxXXB-C(21–50) and VxXXB-C(19–50) highlighted in red and blue boxes respectively. αD-conotoxins are a symmetrical homodimer proteins (Loughnan et al., 2006) comprising two C-terminal domains (CTDs) coupled through two interchain disulfide bonds between the N-terminal domains (NTDs) where the dimerization occurs through Cys6 (CysI) of one NTD chain and Cys18 (CysII) of the other chain. The co-crystal structure of VxXXB-C(21–50)/Ls-AChBP complex viewed from top (B) and side (C). Well-defined electron density for VxXXB-C(21–50) was seen in only three of the five potential allosteric binding sites. Two Fo-Fc map for VxXXB-C(21–50) is contoured at 1.0 Å.
Previously, we successfully synthesised the NTD, CTD and full-length synthetic VxXXB using the α-ketoacidhydroxylamine (KAHA) ligation strategy (Ho et al., 2022). To characterize the structural basis for allosteric inhibition by αD-conotoxins, we obtained the co-crystal structure of the C-terminal domain VxXXB-C (21–50) (Figure 1) with Lymnea stagnalis acetylcholine binding protein (Ls-AChBP). AChBPs are naturally occurring soluble protein homologues of the nAChR that show remarkable structural homology, especially around the orthosteric ligand recognition site formed by aromatic side chain residues found in nAChRs (Brejc et al., 2001; Smit et al., 2001). The co-crystal structure VxXXB-C(21–50) with Ls-AChBP revealed for the first time the allosteric binding site of αD-conotoxins, with a separate binding site identified for the second CTD confirmed from docking-guided mutational studies on Ls-AChBP. Consequently, these αD-conotoxin binding determinants reveal a new allosteric site at human α7 nAChRs amenable to the rational design of novel allosteric inhibitors selective for specific nAChRs subtypes.
MATERIALS AND METHODS
AChBPs protein expression and purification
The over-expression of Ls-AChBP was performed as described by Abraham et al. (2016) 21. Ubiquitin (Ub)-tagged AChBPs were used for radioligand binding assay and de-tagged Ls-AChBP was used for crystallization. Briefly, Ub-tagged Ls-AChBPs were purified using immobilized metal affinity chromatography and the Ub tag removed by deubiquitin enzyme (produced in-house). Further purification of de-tagged Ls-AChBP was performed by size exclusion chromatography to assess homogeneity and oligomerization state on a calibrated analytical HiLoad 16/600 column and (GE Health Care) using AKTA FPLC system (GE Healthcare). The fractions containing the proteins were pooled and concentrated to the desired concentration using an Amicon centrifuge filter (30-kDa cut-off, Millipore).
Mutagenesis
Ls-AChBP mutations were introduced in the pHUE background using the QuikChange Lightning Site-directed mutagenesis kit (Agilent). Primers with the desired mutations were purchased from Sigma-Aldrich. The mutated DNA was transformed into Top 10 E. coli competent cells (One Shot, Thermo Fisher Scientific) and isolated via MiniPrep Kit (QIAGEN, Valencia, CA, United States). Successful mutations of Ls-AChBP were confirmed by Sanger sequencing performed at Australian Genome Research Facility (AGRF). The mutated proteins were expressed and purified as above.
Binding assays
The ability of VxXXB variants to displace the binding of [3H]-epibatidine to the recombinantly expressed Ls-AChBP was determined in competitive radioligand binding assays (Abraham et al., 2016). Briefly, [3H]-epibatidine (1 nM final concentration) and increasing concentrations of test ligand in a final volume of 100 µL were incubated in 96-well plates (Flexible PET Microplate, Perkin Elmer) precoated with 1 ng/μL of Ls-AChBP per well in binding buffer (phosphate buffered saline with 0.05% bovine serum albumin). The mixture was then removed and 100 µL of scintillant (Optiphase Supermix, Perkin Elmer) was added to each well. Bound radioactivity was measured with a Wallac 1450 MicroBeta liquid scintillation counter (Perkin Elmer). Potency estimates of purified native VxXXB isolated from Conus vexillum venom (Loughnan et al., 2006; Inserra et al., 2013), which was available in limited quantities, was determined from the displacement of [3H]-epibatidine from Ls-AChBP by 10 nM and 50 nM native VxXXB, with the curve top fixed at 100% and the bottom and slope fixed to the values obtained for synthetic VxXXB.
Data analysis
Radioligand binding data were analysed by non-linear, least squares one-site competition fits in GraphPad Prism 9.0 (GraphPad Software Inc., San Diego, CA, United States). Experiments were performed in triplicate in three independent experiments, with IC50 values reported as means ± S.E.M. Comparisons of the IC50 values of VxXXB-CTD variants at Ls-AChBP mutants with wildtype Ls-AChBP were carried out by pairwise comparison using an extra sum-of-squares F test with p < 0.05 in GraphPad Prism 9.0.
Crystallization and data collection
Based on previous experimental determinations (Abraham et al., 2017; Ho et al., 2021a; Ho et al., 2021b), purified de-tagged Ls-AChBP and synthesized VxXXB-C(21–50) were mixed at a molar ratio of 1:2 at 4°C for 1 h before setting up crystallization trials. Crystals were successfully grown at room temperature using the hanging drop method by mixing protein and reservoir solution composed of 0.91 M lithium chloride, 16% PEG6000 and 0.1 M MES monohydrate pH 6.4 at a ratio 1:1 v/v. The crystals were cryo-protected with glycerol added to the mother liquor to a final concentration of 20% (v/v) glycerol before flash-freezing in liquid nitrogen.
Structure determination and refinement
Diffraction data were collected at the MX2 beam line of Australian Synchrotron, Melbourne. Diffraction data were indexed, integrated via XDS and Molfsm and scaled via AIMLESS (Collaborative Computational Project, Number 4, 1994; Battye et al., 2011). The structure was solved by molecular replacement using the PHASER (McCoy et al., 2007) crystallographic software with LsIA/Ls-AChBP (PDB 2C9T) as search model. Refinement against experimental data was done using Phenix. refine and COOT until clear electron densities for VxXXB-C(21–50) were visible (Emsley and Cowtan, 2004; Afonine et al., 2012). NCS restraints and TLS restrains were then applied and the final structures validated with MOLPROBITY and PDB Validation (Chen et al., 2010). To simplify the building of unnatural amino acids into electron density, Met was built in place of Nle7 in VxXXB-VxXXB-C(21–50).
Homology modelling at α7 nAChRs and α3β4 nAChRs
Homology modelling was performed using the project mode of the SWISSMODEL online server (Guex et al., 2009). Briefly, homology models were generated by aligning the ligand binding domains of the nAChR with the crystal structure of VxXXB-C(21–50) bound to Ls-AChBP. Similarly, homology models of native and synthetic VxXXB were generated by aligning their sequence with the crystal structure of αD-GeXXA. DeepView (Swiss-PdbViewer) was used to manually align and adjust the sequences where the conservation of structural features with functional roles was verified to ensure the correct alignment. This model was further optimized using the “project mode” of Deep View??? Finally, the resulting models were energy minimized using the GROSMACS force field in Deepview, validated via MOLPROBITY, and final models analyzed in PyMol (Guex et al., 2009).
Docking of native and synthetic VxXXB at human α7 nAChRs
All docking runs were performed using the HADDOCK (High Ambiguity Driven biomolecular DOCKing) webserver (v. 2.4) (de Vries et al., 2010). To guide the docking, experimental data were translated into a collection of ambiguous interaction restraints (AIRs) on specific residues between ligands and nAChRs, including “active” and “passive” residues. Residues experimentally shown to be associated with binding were selected as “active” residues, while the corresponding set of passive residues was selected automatically by HADDOCK. AIRs were used to ensure each specified active residue was in close proximity to one or more of the active/passive residues on the partner molecule. Docking results were evaluated by MolProbity (Chen et al., 2010).
RESULTS
Co-crystal structure of VxXXB-C(21–50) in complex with Ls-AChBP
The crystal structure of Ls-AChBP in complex with VxXXB-C (21–50) was solved at 2.6 Å by molecular replacement and refined to an Rfree value of 0.29. The crystals of the protein-peptide complex belong to the P21 21 21 space group with cell dimensions of a = 68.91 Å, b = 119.57 Å and c = 150.73 Å. The F-loops of Ls-AChBP could not be constructed due to the lack of clear electron density, indicating a greater flexibility of these parts of the protein (Supplementary Table S1).
The crystal structure of Ls-AChBP in complex with VxXXB-C(21–50) contains one pentamer in the asymmetric unit, with the electron density of VxXXB-C(21–50) detectable adjacent to four of the five orthosteric binding sites (Figure 1B). In the four occupied orthosteric binding sites, loop-C of Ls-AChBP moves outward (10.23–10.90 Å based on the measurement between Cys187 Cα atom in the complex with HEPES/Ls-AChBP structure), which is a similar backbone orientation to previously characterized co-crystal structures of α-conotoxins 14–17. However, only three binding interfaces generated clear ligand electron density, while the fourth binding interface showed reduced electron density. The unoccupied binding site was likely to be directly affected by the adjacent crystal mate in close proximity, in contrast to the three clearly occupied binding interfaces which show significant separation with adjacent crystal mate Supplementary Figure S1. On the other hand, the binding interface with ambiguous ligand density showed a weaker influence of crystal packing on VxXXB-C(21–50) binding (Supplementary Figure S1D).
The VxXXB-C(21–50)/Ls-AChBP complex
The structure of VxXXB-C(21–50)
The sequence of VxXXB-C(21–50) satisfies the ICK peptide consensus sequence CIX3−7CIIX3−6CIIIX0−5CIVX1−4CVX4−13CVI, where X can be any amino acids VxXXB-C(21–50) is exemplified by double-stranded, antiparallel β-sheets stabilized by the three disulfide bridges (Cys4–Cys8, Cys7–Cys9, and Cys6–Cys10) (Figure 2A). However, the typical secondary structure associated with the ICK fold is not observed in VxXXB-C(21–50). Specifically, β1 and β2 loop are connected to the opposing β3 and β4 via the first (CysI–CysIV) and the second disulfide bond (CysII–CysV), respectively. This places the two disulfide bonds in VxXXB-C(21–50) parallel (Figure 2A), in contrast with the crossing pattern of typical ICK peptides (Figure 2B). As a consequence, the third disulfide bond (CysIII–CysVI) of VxXXB-C(21–50), which typically threads the loop formed by the first two disulfide bonds to make a knot in the ICK fold (Figure 2B), instead links the β3 loop with the unstructured C-terminal region (Figure 2A). This tertiary structure resembles the N-terminal of the cell proliferation regulator human granulin A (Tolkatchev et al., 2008) and has been previously reported in conotoxins NextH-Vc7.2 and ϕ-MiXXVIIA (Jin et al., 2017; Nielsen et al., 2019). Indeed, with a large second β-hairpin, VxXXB-C(21–50) superimposes the N-terminal of human granulin A (RMSD 2.23 Å), NextH-Vc7.2 (RMSD 3.82 Å) and ϕ-MiXXVIIA (RMSD 2.79 Å). VxXXB-C(21–50) also resembles other granulin-fold proteins including leech antistasins (serine protease inhibitors) (RMSD 3.51 Å) (Lapatto et al., 1997), protein with EGF-like domain such as fibrillin (RMSD 3.05 Å), and the zinc-binding lobe of the human E3 ubiquitin ligase Pirh2 (Sheng et al., 2008), where cysteine residues stabilise zinc ions instead of forming disulfide bonds (RMSD 4.24 Å) (Figure 2D). VxXXB-C(21–50) also has high sequence similarity (63%) (Figure 2C) and its bound crystal structure superimposed closely to the C (21–50) domain of GeXXA (RMSD 0.56 Å) (Figure 3A). This similarity suggests αD-conotoxins bind similarly to nAChRs without significant perturbation to the VxXXB-C(21–50) fold, with differences in the number of charged residues in loops II and III expected to influence potency and selectivity (Figures 2C, 3B, C).
[image: Figure 2]FIGURE 2 | VxXXB-C(21–50) adopts a mini-granulin fold comprising an antiparallel β-sheet stabilized (β1 and β2) formed by CysI-CysIV. (A) In this conformation of VxXXB VxXXB-C(21–50), the β1 and β2 loops connected to their opposing β3 and β4 via two parallel disulfide bonds CysI-CysIV and CysII-CysV without the crossing of CysIII-CysVI and CysII-CysV. (B) In contrast, CysIII-CysVI makes a knot in ICK toxins like huwentoxin-I (PDB 1QK6). (C) Multiple sequence alignments of VxXXB-C(21–50) with GeXXA -C(21–50), other conotoxins with granulin fold NextHVc7.2, ϕ-MiXXVIIA, and human granulin A. (D) The superimposition of VxXXB VxXXB-C(21–50) overlays with granulin fold proteins including human granulin A (PDB 2JYE) (RMSD 2.23 Å) (i), NextHVc7.2 (PDB 6Q5Z) (RMSD 3.82 Å) (ii), ϕ-MiXXVIIA (PDB 6PPC) (RMSD 2.79 Å) (iii), leech antistasin (PDB 1SKZ) (RMSD 3.51 Å) (iv), protein with EGF-like such as filbrillin (PDB 2IPX) RMSD 3.05 Å) (v) and the C-lobe of the N-terminal domain of Pirh2 (PDB 2K2C) (RMSD 4.24 Å) (vi). The grey ball represents zinc ion, disulfide bonds are in yellow.
[image: Figure 3]FIGURE 3 | The crystal structure of VxXXB-C (21–50). (A) VxXXB-C (21–50) (orange) shows a high structural similarity to GeXXA-VxXXB-C (21–50) (green) (RMSD 0.56Å). (B) Surface of VxXXB-C (21–50) showing loop III contains a positively charged Asp (cyan), while (C) the surface of GeXXA-VxXXB-C (21–50) presents a negatively charged Asp in loop III (red) (PDB 4X9Z). Cysteine residues and disulfide bonds are in yellow, positively charged are in cyan and negatively charged are in red.
Structure of CTD (21–50) bound to Ls-AChBP
VxXXB-C(21–50) binds to the C-loop of AChBP almost perpendicular to the long axis of the pentamers, making extensive interactions on the principal (+) face of Ls-AChBP (Figure 4A). The allosteric binding mode of VxXXB-C(21–50) is confirmed by the lack of overlap of VxXXB-C(21–50) with the orthosteric agonist nicotine (Celie et al., 2004) and epibatidine bound to AChBP (Hansen et al., 2005) (Figures 4A, C). In contrast, CTD (21–50) binding partially overlapped with the orthosteric antagonist α-conotoxin LsIA (Figures 4B, C). VxXXB-C(21–50) binding to the principal face is stabilized through a range of hydrogen bonds and polar interactions, as outlined in Supplementary Table S2. Specifically, the N-terminal β-strand of VxXXB-C(21–50) attaches to Ls-AChBP_C-loop via four backbone hydrogen bonds between VxXXB-C(21–50)_C28, VxXXB-C(21–50)_C26 and Ls-AChBP_S182 and Ls-AChBP_T184 respectively, both at 2.9 Å (Figure 5Ai). The insertion of VxXXB-C(21–50) β4 loop into the binding interface allowed VxXXB-C(21–50)_H19 and R22 to approach Y192 and Y185. While these two aromatic residues form the aromatic cage of the orthosteric binding pocket of nAChR that comprises W53, W143, Y192, Y185, the CTD approaches Y192 and Y185 from a different angle to avoid overlap with orthosteric ligands. Other significant interactions at the principal face include cation-π interactions between VxXXB-C(21–50)_R22 and Ls-AChBP_Y185 and Y192 (4 Å), and a stacking interaction between VxXXB-C(21–50)_R21 side chain and the vicinal disulfide of C187-C188 of Ls-AChBP (3.3 Å) (Figure 5Aii). VxXXB-C (21–50)_M7 extends towards the C-loop, displaying weak hydrophobic interactions with Ls-AChBP_T184. At the complementary face, the amine of Q55 contributes a cation-π interaction with VxXXB-C(21–50)_W20 (3.6 Å), E110 potentially forms a salt bridge with VxXXB-C(21–50)_R21 (5 Å) (Figure 5Ai), while the hydroxyl of VxXXB-C (21–50)_Y18 is surrounded by polar S162, E163 and Y164 of Ls-AChBP that further stabilize binding (Figure 5Aii).
[image: Figure 4]FIGURE 4 | Allosteric binding site of VxXXB-C (21–50) at Ls-AChBP. The allosteric binding mode of VxXXB-C (21–50) is revealed through the lack of overlap in binding region with orthosteric agonist nicotine (grey stick) (PDB 1UW6)/epibatidine (pink stick) (PDB 2BYQ) (A) and competitive antagonist α-conotoxin LsIA (yellow cartoon) (B) viewed from front (i) and side (ii) view as evidenced from the partial overlap in the pairwise interactions between VxXXB-C (21–50) and orthosteric agonist nicotine. (C) Interacting regions of VxXXB-C (21–50), α-conotoxins, nicotine are shown with the unique interacting regions of VxXXB-C (21–50) highlighted.
[image: Figure 5]FIGURE 5 | VxXXB-C(21–50) interactions at the principal (i) and complementary (ii) binding site of Ls-AChBP (A), human α7 nAChRs (B) and human α3β4 nAChRs (C). (A) The receptor ligand interactions are uniquely characterized by hydrogen bonds between the β-sheet of CTD (21–50) with the principal binding site (i) and polar bonds on the complementary binding site (ii). The homology models of human α7 receptor (B) and human α3β4 nAChRs (C) were generated based on the VxXXB-C(21–50)/Ls-AChBP co-crystal structure. (B) On the principal side (i), α7_F187 and α7_E189 with its long side chains can extend towards VxXXB-C (21–50)_C4, G4, S6, and M7, and exhibit favorable interactions. On the complementary side, similarly, α7_Q57 could interact with VxXXB-C (21–50)_W19. (C) Meanwhile, at α3β4 nAChRs complementary face (ii), the corresponding surface is strongly hydrophobic except for the positively charged K61, which may introduce a cation-π interaction with VxXXB-C (21–50)_W19. These interactions likely influence the selectivity of VxXXB-C (21–50) at α7 vs. α3β4 nAChRs. VxXXB residues are in italics and major contacts are bolded.
Homology model of VxXXB-C(21–50) at α7 and α3β4 nAChRs
VxXXB-C(21–50) exhibited substantial activity at α7 nAChRs but no activity at α3β4 nAChRs. To determine the key determinants in the selectivity of VxXXB-C(21–50) towards α7 nAChRs vs. α3β4 nAChRs, homology models of VxXXB-C(21–50) bound to α7 nAChRs and α3β4 nAChRs were generated using VxXXB-C(21–50)/Ls-AChBP co-crystal structure as a template (sequence alignment reported in Supplementary Figure S2). The main hydrogen bonding interactions between VxXXB-C(21–50)_β-strand and nAChR-β-strand remain in two homology models. At the principal binding face, the interacting residues on the α7 nAChR homology model include prominent negatively charged E185, E189, positively charged R186, and hydrophobic F187 and Y188 (Figure 5Bi). In contrast, the equivalent surface on the α3β4 nAChR model comprises negatively charged D187, positively charged K189, polar N191 and hydrophobic I188 and Y190 (Figure 5Ci). At the complementary binding face few major contacts were identified between VxXXB-C(21–50) and human α7 nAChRs, although these surfaces are comparable to the polar (Q57, L109, and Q117) and hydrophobic (W55, L119, and Y168) surfaces of Ls-AChBP (Figure 5Bii). At α3β4 nAChRs, the corresponding surface is strongly hydrophobic except for the positively charged K61, which may introduce a cation-π interaction with VxXXB-C(21–50)_W19 (Figure 5Cii). To validate the role of predicted binding determinants, we constructed the α7-like mutants [T184F]Ls-AChBP and [S186E]Ls-AChBP, and the α3β4-like mutants [T184K]Ls-AChBP and [Q55K]Ls-AChBP and determined their effect on pharmacology determined, as outlined below.
Pharmacology of VxXXB-C(21–50) and VxXXB-C(19–50) at Ls-AChBP mutants
We examined the binding affinity of both CTD variants, including CTD (21–50) and the full-length VxXXB-C(19–50) with four disulfide bonds on mutant Ls-AChBPs. The binding affinity of nicotine was unchanged at these mutant Ls-AChBP, confirming these positions had no effect on the orthosteric binding site. VxXXB-C(19–50) binding affinity was enhanced 1.3-fold (p > 0.05) and 87-fold (p < 0.05) at the α7-like mutants [T184F]Ls-AChBP and [S186E]Ls-AchBP mutants, respectively. In contrast, α3β4-like [T184K]Ls-AChBP and [Q55K]Ls-AChBP mutants reduced VxXXB-C(21–50) binding affinity by 55-fold and 36-fold (p < 0.05), respectively (Figure 6A; Table 1). Remarkably, VxXXB-C(21–50) binding affinity increased 200-fold at α7-like double mutant [T184F S186E]Ls-AChBP (p < 0.05), supporting the binding pose of VxXXB-C(21–50) in the co-crystal structure and our α7 nAChRs binding pose (Table 1). The binding affinity of full-length VxXXB-C(19–50) at mutant Ls-AChBP revealed a similar profile of potency shifts to VxXXB-C(21–50) (Figure 6B; Table 2). VxXXB-C(19–50) showed decreased binding affinity at α3β4-like mutants [Q55K]Ls-AChBP and [T184K]Ls-AChBP [29.7-fold and >100-fold, respectively (p < 0.05)] and enhanced binding affinity for α7-like mutants [S186E]Ls-AChBP, [T184F]Ls-AChBP and [T184F S186E]Ls-AChBP (80-, 12.4- and 240-fold, respectively) compared to wildtype Ls-AChBP (p < 0.05).
[image: Figure 6]FIGURE 6 | The displacement of [3H]-epibatidine from wild-type and mutant Ls-AChBP by VxXXB-C (19–50) (A), CTD (21–50) (B), VxXXB-NC (C), VxXXB-CNC (C) and native VxXXB (D) obtained via a competition radioligand binding assay (due to limited sample, top of curve was fixed to 100%, and slope and curve bottom fixed to the bottom of VxXXB CNC). Data represent means [image: image] SEM of triplicate data from three independent experiments.
TABLE 1 | IC50 values for displacement of [3H]-epibatidine binding to Ls-AChBPs and mutant Ls-AChBPs by CTD (19–50), VxXXB-C (21–50), VxXXB-NC and VxXXB-CNC.
[image: Table 1]TABLE 2 | IC50 values for displacement of [3H]-epibatidine binding to Ls-AChBPs and mutant Ls-AChBPs by CTD (19–50), VxXXB-NC and VxXXB-CNC.
[image: Table 2]To confirm the binding determinants for the CTD domain extended to larger and full-length αD-conotoxin constructs, the binding affinity of VxXXB-NC and full-length VxXXB-CNC were determined at the α7-like [T184F S186E]Ls-AChBP. As observed for the CTD domain, VxXXB-NC and VxXXB-CNC also showed an increased affinity at this mutant (76.7–fold and 200-fold, respectively) (Figure 6C; Table 1). Similarly, the estimated potency of native VxXXB also increased ∼10-fold at α7-like [T184F S186E]Ls-AChBP compared to wild-type Ls-AChBP (Figure 6D).
Proposed binding mode of the full-length native homodimeric αD-VxXXB
The observations from the VxXXB-C(21–50)/Ls-AChBP co-crystal structure, together with functional data previously reported (Ho et al., 2022), were used to formulate the potential binding mode of native homodimeric VxXXB (Table 2). The comparable potency of VxXXB-C(19–50) and VxXXB-NC, and the 2-fold enhance potency of VxXXB-CNC suggests that NTD mainly acts to facilitate cooperative binding between the two CTDs. The VxXXB-C(21–50) binding orientation observed in the co-crystal structure allows full-length VxXXB to extend in a clockwise direction towards a second distinct CTD binding site (Figure 7A). As the distance between the two C-loop binding sites is ∼55 Å (Figures 7A, B), VxXXB-C (∼22 Å) (Figure 7C) cannot span these on homomeric Ls-AChBP or α7 nAChRs. Given these considerations, we propose that one CTD binds to the C-loop (site 1), while the second CTD binds to the adjacent binding interface at a different site (site 2) (Figure 7D).
[image: Figure 7]FIGURE 7 | Potential binding mode of homodimeric VxXXB. (A) A clockwise orientation was proposed for VxXXB if occupying two adjacent binding sites. (B) Side and top view of the Ls-AChBP/αD-VxXXB-C (21–50) co-crystal structure. The distance between two adjacent αD-VxXXB-CTDs is 55 Å assuming a linear approach. (C) The distance between two ends of αD-VxXXB-CTD (as measured between Thr21 from each end) is 22 Å. (D) The docking result of homodimeric VxXXB model built from the crystal structure of GeXXA at Ls-AChBP is displayed. Docking was performed using the HADDOCK webserver and residues found in the interactions between αD-VxXXB-C (21–50) and Ls-AChBP were used as constraints. The second CTD interacting with binding site 2 is circled and Ls-AchBP_Asp5, equivalent to rat α10_His7 that interacted with GeXXA, is shown in stick view.
To further evaluate the binding of full length αD-conotoxins, we docked modelled VxXXB at human α7 nAChRs. Using mutational data obtained from the VxXXB-C(21–50)/Ls_AChBP complex as constraints, our docking results generated a pose where one VxXXB CTD binds at the outer face of the C-loop that overlapped but was distinct from the CTD orientation observed in the co-crystal structure. This pose allowed the second CTD of VxXXB to extend up and across towards the N-terminal region of loop D of the adjacent α7 subunit in a clockwise direction from site 1 (Figure 7D). Unfortunately, due to insolubility issues we were unable to generate useful co-crystals of VxXXB-NC or VxXXB-CNC with AChBP that might provide further resolution of these differences. However, these docking support mutations identified near the N-terminal end of the adjacent subunit that affect GeXXA potency (Xu et al., 2015; Yang et al., 2017). To further confirm the location of binding site 2, we mutated two residues on top of nAChRs predicted to affect the binding of full-length VxXXB but not VxXXB-NC and VxXXB-C (19–50) binding, [H69A]Ls-AChBP and [R23D]Ls-AChBP (Supplementary Figure S2). As predicted, both the [H69A]Ls-AChBP mutation on the complementary side and the [R23D]Ls-AChBP mutation on the principal side reduced affinity for VxXXB-CNC, while the affinities of VxXXB-C(19–50) and VxXXB-NC remained unchanged (Figure 8; Table 2).
[image: Figure 8]FIGURE 8 | Concentration-response curves of VxXXB-C (19–50) (A), VxXXB-NC (B) and VxXXB-CNC (C) at wild-type and mutant Ls-AChBP, [H69A]Ls-AChBP and [R23D]Ls-AChBP obtained via a competition radioligand binding assay.
DISCUSSION
Many conotoxin families have been identified to target nAChRs, including the extensively studied α-conotoxins, which are competitive inhibitors acting at the orthosteric site (Lebbe et al., 2014). The ψ-, αB-, αC-, αD-, and αS-conotoxins are also functional antagonists but their binding sites on nAChRs are currently unknown (Shon et al., 1997; Jimenez et al., 2007; Luo et al., 2013; Christensen et al., 2015). As AChBPs are homologous to the extracellular ligand-binding domain of the nAChR, especially α7 nAChR, these proteins provide useful structural templates for modeling the ligand-binding domain of mammalian nAChRs. Thus, in this study, we define the allosteric binding site for αD-conotoxins from the co-crystal structure of granulin domain VxXXB-C(21–50) bound to Ls-AChBP.
In the co-crystal complex of VxXXB-C(21–50)/Ls-AChBP, despite possessing the ICK cysteine connectivity, VxXXB-C(21–50) adopts a granunlin-like structure comprising an antiparallel β-sheets stabilized by cystine bonds (Figure 2) (Moore et al., 2012). Granulins are ancestral ∼55-residue growth factors responsible for development and wound healing. The N-terminal ∼30 residues of granulins includes the characteristic core granulin fold identified previously in conotoxins Φ-MiXXVIIA and NextH-Vc7.2 as a mini-granulin fold distinct from the ICK toxin fold (Tolkatchev et al., 2008; Palfree et al., 2015; Jin et al., 2017; Nielsen et al., 2019). Indeed, mini-granulin-fold proteins (Sheng et al., 2008) were used by AlphaFold to model VxXXB from human and Drosophila E3 ubiquitin-protein ligase protein (Ho et al., 2022). Unlike Φ-MiXXVIIA and NextH-Vc7.2, which have few residues in loop III and more residues in loop IV, VxXXB-C(21–50) has most residues in its negatively charged loop III, which allows closer alignment to the core motif of granulin A. Importantly, loop III of VxXXB-C contributed most interactions at site 1 and thus appears mainly responsible for VxXXB-C(21–50) affinity (Figures 3B, 5). Indeed, proposed functional determinants in granulins (R15, L16, and S17 in granulin A) (Palfree et al., 2015) align with the key binding determinants (Y18, H19, and R21) in VxXXB-C (Figure 2C), suggesting repurposing of this region of loop III to target nAChRs. Superimposition of the crystal structures of GeXXA, VxXXB-C(21–50) and GeXXA-C(21–50) revealed high structural similarity (Figure 3A), which is little altered upon binding to loop C. However, differences in loop III residues may underlie the lower potency of GeXXA at human α7 nAChRs compared to VxXXB [210 nM (Xu et al., 2015) vs. 0.4 nM (Loughnan et al., 2006)].
As observed from the co-crystal structure, VxXXB-C(21–50) anchors on the outer edge of C-loop Ls-AChBP via four hydrogen bonds between its β-strand backbone and β-strand of Ls-AChBP_C-loop and β4-loop inserting into the binding interface. An outward displacement of Ls-AChBP_C-loop, which is characteristic of antagonist binding in the orthosteric site, is also displayed by VxXXB-C(21–50), suggesting allosteric antagonists can also inhibit nAChRs by stabilizing the open (extended) C-loop. At the principal binding site, the β4-loop of VxXXB-C(21–50) contacts the binding interface, allowing VxXXB-C(21–50) to interact perpendicular to the long axis of AChBP with only two (Y185 and Y192) (Figure 5Ai) of the four (W53, Y185, Y192, and W143) aromatic residues forming the orthosteric binding site, and thus avoid overlapping with the binding of orthosteric ligands both agonists (Figure 4A) and antagonists (Figure 4B) that typically position deep within this aromatic cage. This observation is in line with the IUP definition of non-competitive/allosteric antagonism, where agonist and antagonist can be bound to the receptor simultaneously and antagonist binding reduces or prevents the action of the agonist with or without any effect on the binding of the agonist (Neubig et al., 2003), confirming the allosteric binding mode of the CTD of αD-conotoxins (Figure 4C). Interestingly, VxXXB-C (21–50) stacks against the vicinal disulfide bond of Ls-AChBP_C-loop via R21 (Figure 5Aii) instead of the typical first disulfide bond of α-conotoxins, reinforcing the importance of C-loop vicinal disulfide bond targeting by conotoxins at nAChRs A number of interactions between VxXXB-C(21–50) and the complementary binding face (Q55, Q73, E110, L112, M114, S162, and Y164) also overlap with classical α-conotoxins (Figure 5A and Supplementary Table S2), consistent with β2_L109Q mutation (equivalent to Ls-AChBP_L112) slowing recovery of α3β2 nAChRs from native VxXXB block (Loughnan et al., 2006).
Homology models of VxXXB-C(21–50) bound at human α7 and α3β4 nAChRs were built using the co-crystal complex VxXXB-C(21–50)/Ls-AChBP as a template to reveal the key determinants of VxXXB-C(21–50) potency at human α7 vs. α3β4 nAChRs. The unique backbone hydrogen bonding interactions between VxXXB-C(21–50)_β-strand and C-loop_β-strand remain in both models. Important interactions observed at α7 and α3β4 nAChR models were confirmed via functional assays on α7-like and α3β4-like Ls-AChBP mutations. The most significant effects were observed for the double-mutant α7-like [T184F S186E]Ls-AChBP, where the mutated residues are located on the outer face of loop C (Figure 6; Table 1). Meanwhile, the binding affinity of VxXXB-C(21–50) decreased at [Q55K]Ls-AChBP, suggesting this interaction instead of forming a cation-π interaction may introduce an electrostatic clash that is responsible for the poor binding of VxXXB-C(21–50) at α3β4 nAChRs. Importantly, T184F and S186E also affected the binding affinity of both VxXXB-CNC and native VxXXB. From these data, we propose that full-length VxXXB interacts with nAChRs at two distinct sites that facilitates cooperative binding between the two CTDs. Cooperative binding has been previously observed for dendrimers of α-conotoxins ImI, Vc1.1, RgIA, and PeIA coupled through an ∼ 32 Å linker that allowed simultaneous binding across adjacent orthosteric sites on homomeric nAChRs 18,19. However, the shorter equivalent linker in VxXXB (22 Å between dendrimers) cannot span two adjacent orthosteric sites. It appears that the first CTD is the main component responsible for the potency of full-length VxXXB, while the second CTD provides additional interactions facilitated by the NTD linker. This was supported by the rank order of potency of the different constructs, with full-length synthetic VxXXB CN(1–18)C > VxXXB-N(1–18)C > VxXXB-C(19–50), while full-length synthetic VxXXB CN(1–18)C was only 12-fold more potent than VxXXB-N (1–18)C (Table 2). As such, full-length VxXXB would occupy two binding sites simultaneously, stabilising at nAChR with one CTD of VxXXB initially binding to the C-loop of the principal binding face (site 1), followed by the second CTD extending to contact the adjacent subunit binding interface in a clockwise direction (extracellular view). Indeed, the four hydrogen bonds identified between β-sheet of VxXXB-C and the C-loop of nAChRs, as well as the interactions VxXXB-C with α7_F187 and E189, are the key determinants that are likely account for the stronger interactions between VxXXB and site 1 compared to site 2. A complex of Ls-AChBP with VxXXB-C (21–50) occupying the second binding site was not detected during our co-crystallisation attempts, supporting a secondary role for site 2 to enhance VxXXB potency. We propose that VxXXB binding to site 1 trap the C-loop of nAChRs in an extended (open) state that has low orthosteric agonist and antagonist affinity, while binding at site 2 likely only influence VxXXB affinity. Further studies on the binding kinetics of VxXXB-C(21–50) as well as its influence on transitions between operating states are expected to shed further light on the allosteric mechanism of action of αD-conotoxins.
The docking results of the modelled full-length VxXXB at human α7 nAChRs support this two-site binding hypothesis, with one CTD binding to the outer face of C-loop as seen in the co-crystal complex (site 1), and the second CTD contacting the N-terminal region of loop D of the adjacent α7 subunit clockwise from site 1 (site 2), resulting in distinct sets of pairwise interactions at the two binding sites. Consistent with this conclusion, mutations at the top of the α9α10 nAChR were found to affect GeXXA potency (Xu et al., 2015). Our proposed binding mode was further supported by the loss in binding affinity by full-length VxXXB-CNC at [H69A]Ls-AChBP and [R23D]Ls-AChBP at the top of the receptor, while the affinity of the shorter VxXXB-NC and VxXXB remained unchanged. Our data are inconsistent with the earlier proposal that GeXXA forms a lid-covering covering the entrance to the ion conducting pore (Yang et al., 2017). Interestingly, the nAChR residues interacting with VxXXB at both CTD binding sites vary across neuronal nAChR subtypes. In this case, α7-specific interactions are the possible hydrophobic interaction between α7_F187 and VxXXB-C(21–50)_M7 and G5, and polar interaction between α7_E189 long side chain and VxXXB-C (21–50)_S6, which can offer opportunities for the rational design of novel allosteric inhibitors with shifted subtype selectivity (Supplementary Figures S2, S3). Importantly, these allosteric binding sites are highly conserved among neuronal α7 nAChR subunit of different species, suggesting VxXXB could inhibit α7-like nAChR subtypes of different species, including worms that are hunted by C. vexillum.
Previously, we found that VxXXB-C (19–50) was only 2-fold less potent that full-length VxXXB-CNC (Figure 1A) at allosterically inhibiting α7 nAChRs, indicating that a single CTD is sufficient for full function. Given the reduced synthetic challenges associated with constructing the CTD vs. full-length VxXXB, the granulin-like CTD presents an attractive starting point for the design of novel allosteric antagonists at nAChRs. The binding mode of VxXXB-C (21–50) and its pair-wise interactions with AChBP could guide the rational design of VxXXB-C (21–50) and VxXXB-C (19–50) analogues to further enhance their potency, specificity and therapeutic potential to modify nAChR-related diseases.
CONCLUSION
In this study we define the binding mode of the CTD of αD-VxXXB- from its co-crystal structure with Ls-AChBP and use mutational studies to confirm the binding mode of full length VxXXB-CNC. Our findings reveal that the CTDs of native homodimeric αD-VxXXB bind cooperatively at two novel allosteric sites on nAChRs, one on the outer edge of C-loop and the second clockwise and up towards the N-terminal of loop D of the adjacent subunit. The CTD of VxXXB adopts a granulin fold stabilized by a third disulfide bond that offers new avenues for stabilizing granulin-like peptides and provides a new avenue for the design of new sub-type selective allosteric nAChR antagonists.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: RSCB PBD [https://www.rcsb.org/], 7TXF.
AUTHOR CONTRIBUTIONS
TH: Study design, structure determination, refinement, functional experiments on FLIPR, radioligand binding studies, data analysis and interpretation, peptide synthesis, HPLC, mass spectrometry, circular dichroism, homology modeling, and prepared the first draft of the manuscript. NA: Study design, data analysis and interpretation. RL: Study design, data analysis, interpretation, manuscript writing, funding and facilities. All authors reviewed the manuscript.
FUNDING
A National Health and Medical Research Council of Australia Fellowship (APP1119056) and Program Grant (APP1072113), and an Australian Research Council Discovery Grant (DP200103087) provided research funding and support to RL. TH was supported by a University of Queensland International scholarship (UQI).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1170514/full#supplementary-material
ABBREVIATIONS
AChBP, acetylcholine binding protein; Acm, S-acetamidomethyl; ACN, acetonitrile; CD, circular diochroism; IMAC, immobilized metal affinity chromatography purification; Ls, Lymnaea Stagnalis; MeOH, methanol; nAChRs, nicotinic acetylcholine receptors; PNU120596, N-(5-Chloro-2,4-dimethoxyphenyl)-N′-(5-methyl-3-isoxazolyl)-urea; TFA, trifluoroacetic acid; Trt, trityl; Ub, Ubiquitin.
REFERENCES
 Abraham, N., and Lewis, R. J. (2018). Neuronal nicotinic acetylcholine receptor modulators from cone snails. Mar. Drugs 16, 208. doi:10.3390/md16060208
 Abraham, N., Paul, B., Ragnarsson, L., and Lewis, R. J. (2016). Escherichia coli protein expression system for Acetylcholine Binding Proteins (AChBPs). PLoS One 11, e0157363. doi:10.1371/journal.pone.0157363
 Abraham, N., Healy, M., Ragnarsson, L., Brust, A., Alewood, P. F., and Lewis, R. J. (2017). Structural mechanisms for α-conotoxin activity at the human α3β4 nicotinic acetylcholine receptor. Sci. Rep. 7, 45466. doi:10.1038/srep45466
 Afonine, P. V., Grosse-Kunstleve, R. W., Echols, N., Headd, J. J., Moriarty, N. W., Mustyakimov, M., et al. (2012). Towards automated crystallographic structure refinement with phenix.refine. Acta Crystallogr. D. Biol. Crystallogr. 68, 352–367. doi:10.1107/s0907444912001308
 Armishaw, C. J., and Alewood, P. F. (2005). Conotoxins as research tools and drug leads. Curr. Protein. Pept. Sci. 6, 221–240. doi:10.2174/1389203054065437
 Battye, T. G., Kontogiannis, L., Johnson, O., Powell, H. R., and Leslie, A. G. (2011). iMOSFLM: a new graphical interface for diffraction-image processing with MOSFLM. Acta Crystallogr. D. Biol. Crystallogr. 67, 271–281. doi:10.1107/s0907444910048675
 Brejc, K., Van Dijk, W. J., Klaassen, R. V., Schuurmans, M., Van Der Oost, J., Smit, A. B., et al. (2001). Crystal structure of an ACh-binding protein reveals the ligand-binding domain of nicotinic receptors. Nature 411, 269–276. doi:10.1038/35077011
 Celie, P. H., Van Rossum-Fikkert, S. E., Van Dijk, W. J., Brejc, K., Smit, A. B., and Sixma, T. K. (2004). Nicotine and carbamylcholine binding to nicotinic acetylcholine receptors as studied in AChBP crystal structures. Neuron 41, 907–914. doi:10.1016/S0896-6273(04)00115-1
 Chen, V. B., Arendall, W. B., Headd, J. J., Keedy, D. A., Immormino, R. M., Kapral, G. J., et al. (2010). MolProbity: All-atom structure validation for macromolecular crystallography. Acta Crystallogr. D. Biol. Crystallogr. 66, 12–21. doi:10.1107/s0907444909042073
 Christensen, S. B., Bandyopadhyay, P. K., Olivera, B. M., and Mcintosh, J. M. (2015). αS-conotoxin GVIIIB potently and selectively blocks α9α10 nicotinic acetylcholine receptors. Biochem. Pharmacol. 96, 349–356. doi:10.1016/j.bcp.2015.06.007
 Collaborative Computational Project, Number 4 (1994). The CCP4 suite: Programs for protein crystallography. Acta. Crystallogr. D. Biol. Crystallogr. 50, 760–763. doi:10.1107/s0907444994003112
 Dajas-Bailador, F., and Wonnacott, S. (2004). Nicotinic acetylcholine receptors and the regulation of neuronal signalling. Trends Pharmacol. Sci. 25, 317–324. doi:10.1016/j.tips.2004.04.006
 De Vries, S. J., Van Dijk, M., and Bonvin, A. M. (2010). The HADDOCK web server for data-driven biomolecular docking. Nat. Protoc. 5, 883–897. doi:10.1038/nprot.2010.32
 Delbart, F., Brams, M., Gruss, F., Noppen, S., Peigneur, S., Boland, S., et al. (2018). An allosteric binding site of the α7 nicotinic acetylcholine receptor revealed in a humanized acetylcholine-binding protein. J. Biol. Chem. 293, 2534–2545. doi:10.1074/jbc.M117.815316
 Dineley, K. T., Pandya, A. A., and Yakel, J. L. (2015). Nicotinic ACh receptors as therapeutic targets in CNS disorders. Trends Pharmacol. Sci. 36, 96–108. doi:10.1016/j.tips.2014.12.002
 Emsley, P., and Cowtan, K. (2004). Coot: Model-building tools for molecular graphics. Acta Crystallogr. D. Biol. Crystallogr. 60, 2126–2132. doi:10.1107/s0907444904019158
 Gotti, C., and Clementi, F. (2004). Neuronal nicotinic receptors: From structure to pathology. Prog. Neurobiol. 74, 363–396. doi:10.1016/j.pneurobio.2004.09.006
 Guex, N., Peitsch, M. C., and Schwede, T. (2009). Automated comparative protein structure modeling with SWISS-model and Swiss-PdbViewer: A historical perspective. Electrophoresis 30, S162–S173. doi:10.1002/elps.200900140
 Hansen, S. B., Sulzenbacher, G., Huxford, T., Marchot, P., Taylor, P., and Bourne, Y. (2005). Structures of Aplysia AChBP complexes with nicotinic agonists and antagonists reveal distinctive binding interfaces and conformations. Embo J. 24, 3635–3646. doi:10.1038/sj.emboj.7600828
 Ho, T. N. T., Abraham, N., and Lewis, R. J. (2021a). Rigidity of loop 1 contributes to equipotency of globular and ribbon isomers of α-conotoxin AusIA. Sci. Rep. 11, 21928. doi:10.1038/s41598-021-01277-4
 Ho, T. N. T., Abraham, N., and Lewis, R. J. (2021b). Unique pharmacological properties of α-conotoxin OmIA at α7 nAChRs. Front. Pharmacol. 12, 803397. doi:10.3389/fphar.2021.803397
 Ho, T. N. T., Abraham, N., and Lewis, R. J. (2022). Synthesis of full-length homodimer αD-VxXXB that targets human α7 nicotinic acetylcholine receptors. RSC Med. Chem. 13, 1410–1419. doi:10.1039/D2MD00188H
 Hogg, R. C., and Bertrand, D. (2004). Nicotinic acetylcholine receptors as drug targets. Curr. Drug Targets CNS Neurol. Disord. 3, 123–130. doi:10.2174/1568007043482507
 Hurst, R. S., Hajós, M., Raggenbass, M., Wall, T. M., Higdon, N. R., Lawson, J. A., et al. (2005). A novel positive allosteric modulator of the α7 neuronal nicotinic acetylcholine receptor: In vitro and in vivo characterization. J. Neurosci. 25, 4396–4405. doi:10.1523/jneurosci.5269-04.2005
 Inserra, M. C., Kompella, S. N., Vetter, I., Brust, A., Daly, N. L., Cuny, H., et al. (2013). Isolation and characterization of α-conotoxin LsIA with potent activity at nicotinic acetylcholine receptors. Biochem. Pharmacol. 86, 791–799. doi:10.1016/j.bcp.2013.07.016
 Jensen, A. A., Frolund, B., Liljefors, T., and Krogsgaard-Larsen, P. (2005). Neuronal nicotinic acetylcholine receptors: Structural revelations, target identifications, and therapeutic inspirations. J. Med. Chem. 48, 4705–4745. doi:10.1021/jm040219e
 Jimenez, E. C., Olivera, B. M., and Teichert, R. W. (2007). AlphaC-conotoxin PrXA: A new family of nicotinic acetylcholine receptor antagonists. Biochemistry 46, 8717–8724. doi:10.1021/bi700582m
 Jin, A.-H., Dekan, Z., Smout, M. J., Wilson, D., Dutertre, S., Vetter, I., et al. (2017). Conotoxin Φ-MiXXVIIA from the superfamily G2 employs a novel cysteine framework that mimics granulin and displays anti-apoptotic activity. Angew. Chem. Int. Ed. 56, 14973–14976. doi:10.1002/anie.201708927
 Lapatto, R., Krengel, U., Schreuder, H. A., Arkema, A., De Boer, B., Kalk, K. H., et al. (1997). X-ray structure of antistasin at 1.9 Å resolution and its modelled complex with blood coagulation factor Xa. Embo J. 16, 5151–5161. doi:10.1093/emboj/16.17.5151
 Lebbe, E. K. M., Peigneur, S., Wijesekara, I., and Tytgat, J. (2014). Conotoxins targeting nicotinic acetylcholine receptors: An overview. Mar. Drugs 12, 2970–3004. doi:10.3390/md12052970
 Lewis, R. J., and Garcia, M. L. (2003). Therapeutic potential of venom peptides. Nat. Rev. Drug. Discov. 2, 790–802. doi:10.1038/nrd1197
 Lewis, R. J., Dutertre, S., Vetter, I., and Christie, M. J. (2012). Conus venom peptide pharmacology. Pharmacol. Rev. 64, 259–298. doi:10.1124/pr.111.005322
 Loughnan, M., Nicke, A., Jones, A., Schroeder, C. I., Nevin, S. T., Adams, D. J., et al. (2006). Identification of a novel class of nicotinic receptor antagonists: Dimeric conotoxins VxXIIA, VxXIIB, and VxXIIC from Conus vexillum. J. Biol. Chem. 281, 24745–24755. doi:10.1074/jbc.M603703200
 Luo, S., Christensen, S., Zhangsun, D., Wu, Y., Hu, Y., Zhu, X., et al. (2013). A novel inhibitor of α9α10 nicotinic acetylcholine receptors from Conus vexillum delineates a new conotoxin superfamily. PLoS One 8, e54648. doi:10.1371/journal.pone.0054648
 Mccoy, A. J., Grosse-Kunstleve, R. W., Adams, P. D., Winn, M. D., Storoni, L. C., and Read, R. J. (2007). Phaser crystallographic software. J. Appl. Crystallogr. 40, 658–674. doi:10.1107/s0021889807021206
 Moore, S. J., Leung, C. L., and Cochran, J. R. (2012). Knottins: Disulfide-bonded therapeutic and diagnostic peptides. Drug Discov. Today Technol. 9, e3–e11. doi:10.1016/j.ddtec.2011.07.003
 Neubig, R. R., Spedding, M., Kenakin, T., and Christopoulos, A.International Union of Pharmacology Committee on Receptor Nomenclature and Drug Classification (2003). International union of pharmacology committee on receptor nomenclature and drug classification. VIII. Update on terms and symbols in quantitative pharmacology. Pharmacol. Rev. 55, 597–606. doi:10.1124/pr.55.4.4
 Nielsen, L. D., Foged, M. M., Albert, A., Bertelsen, A. B., Søltoft, C. L., Robinson, S. D., et al. (2019). The three-dimensional structure of an H-superfamily conotoxin reveals a granulin fold arising from a common ICK cysteine framework. J. Biol. Chem. 294, 8745–8759. doi:10.1074/jbc.RA119.007491
 Norton, R. S., and Pallaghy, P. K. (1998). The cystine knot structure of ion channel toxins and related polypeptides. Toxicon 36, 1573–1583. doi:10.1016/s0041-0101(98)00149-4
 Palfree, R. G. E., Bennett, H. P. J., and Bateman, A. (2015). The evolution of the secreted regulatory protein progranulin. PloS One 10, e0133749. doi:10.1371/journal.pone.0133749
 Sheng, Y., Laister, R. C., Lemak, A., Wu, B., Tai, E., Duan, S., et al. (2008). Molecular basis of Pirh2-mediated p53 ubiquitylation. Nat. Struct. Mol. Biol. 15, 1334–1342. doi:10.1038/nsmb.1521
 Shon, K.-J., Grilley, M., Jacobsen, R., Cartier, G. E., Hopkins, C., Gray, W. R., et al. (1997). A noncompetitive peptide inhibitor of the nicotinic acetylcholine receptor from Conus purpurascens Venom. Biochemistry 36, 9581–9587. doi:10.1021/bi970235w
 Smit, A. B., Syed, N. I., Schaap, D., Van Minnen, J., Klumperman, J., Kits, K. S., et al. (2001). A glia-derived acetylcholine-binding protein that modulates synaptic transmission. Nature 411, 261–268. doi:10.1038/35077000
 Spurny, R., Debaveye, S., Farinha, A., Veys, K., Vos, A. M., Gossas, T., et al. (2015). Molecular blueprint of allosteric binding sites in a homologue of the agonist-binding domain of the α7 nicotinic acetylcholine receptor. Proc. Natl. Acad. Sci. U. S. A. 112, E2543–E2552. doi:10.1073/pnas.1418289112
 Tolkatchev, D., Malik, S., Vinogradova, A., Wang, P., Chen, Z., Xu, P., et al. (2008). Structure dissection of human progranulin identifies well-folded granulin/epithelin modules with unique functional activities. Protein Sci. 17, 711–724. doi:10.1110/ps.073295308
 Unwin, N. (2005). Refined structure of the nicotinic acetylcholine receptor at 4A resolution. J. Mol. Biol. 346, 967–989. doi:10.1016/j.jmb.2004.12.031
 Xu, S., Zhang, T., Kompella, S. N., Yan, M., Lu, A., Wang, Y., et al. (2015). Conotoxin αD-GeXXA utilizes a novel strategy to antagonize nicotinic acetylcholine receptors. Sci. Rep. 5, 14261. doi:10.1038/srep14261
 Yang, L., Tae, H.-S., Fan, Z., Shao, X., Xu, S., Zhao, S., et al. (2017). A novel lid-covering peptide inhibitor of nicotinic acetylcholine receptors derived from αD-Conotoxin GeXXA. Mar. Drugs 15, 164. doi:10.3390/md15060164
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Ho, Abraham and Lewis. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-14-1170514-g005.gif





OPS/images/fphar-14-1170514-g006.gif





OPS/images/fphar-14-1170514-g003.gif





OPS/images/fphar-14-1170514-g004.gif





OPS/images/fphar-14-1170514-t001.jpg
VxXXB-C (19-50)

ICso %
SEM (M)

Ratio*

VXXXB-NC

ICso + Ratio*
SEM (uM)

VxXXB-CNC

ICso +
SEM (M)

Ratio*

Native VxXXB

ICso + Ratio*

Ls-AChBP

[Qs5K]Ls-
AChBP

[S186E]Ls-
AChBP

[T184K]Ls-
AChBP

[TI84F]Ls-
AChBP

[TI84F SISGE]
Ls-AChBP

10 £0.23

360 + 098

0.04 £ 0.005

550 £ 102

720872

0.05 + 0.002

1

367

0.004*

550

138

0,005

72087

297 £ 212

0.09 + 0.001

>100

058 + 0.02

0.03 + 0.004

297

0.01%*

>100**

0.08*%

0.004**

23:04 1

003 +0008 | 001

0.8+ 009

0.004 £ 0.0005

0.005*

SEM (M)
0.011 1
0.001 | 0.09

“*Indicates significant difference in ICs, values to wildtype Ls-AChBP, at (p < 0.05).






OPS/images/fphar-14-1170514-g007.gif





OPS/images/fphar-14-1170514-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Unravelling the allosteric binding mode of αD-VxXXB at nicotinic acetylcholine receptors		Introduction

		Materials and methods		AChBPs protein expression and purification

		Mutagenesis

		Binding assays

		Data analysis

		Crystallization and data collection

		Structure determination and refinement

		Homology modelling at α7 nAChRs and α3β4 nAChRs

		Docking of native and synthetic VxXXB at human α7 nAChRs





		Results		Co-crystal structure of VxXXB-C(21–50) in complex with Ls-AChBP

		The VxXXB-C(21–50)/Ls-AChBP complex

		Homology model of VxXXB-C(21–50) at α7 and α3β4 nAChRs

		Pharmacology of VxXXB-C(21–50) and VxXXB-C(19–50) at Ls-AChBP mutants

		Proposed binding mode of the full-length native homodimeric αD-VxXXB





		Discussion

		Conclusion

		Data availability statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		Abbreviations

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Pharmacology






OPS/images/fphar-14-1170514-g001.gif





OPS/images/fphar-14-1170514-g002.gif
=i dp-Al
W M
i A A4





OPS/images/inline_1.gif





OPS/images/fphar-14-1170514-t002.jpg
VxXXB-C(19-50) VxXXB-NC VXXXB-CNC
1C50+ SEM (uM) Ratio* 1C5o £ SEM (uM) Ratio* 1C50+ SEM (uM)
L-AChBP 10 £023 1 100 +2.00 i 08 £ 009 1
[H69A]Ls-AChBP ‘ 10 £0.23 1 10.0 £ 2.00 1 >10 >10°*
[R23D]Ls-AChBP 10 £0.23 1 100 +0.90 1 >10 >10%

**Indicates significant difference in ICs, values to wildtype Ls-AChBP, at (p < 0.05).










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





